INTRODUCTION {#s1}
============

Cutaneous T cell lymphoma (CTCL) is a rare malignancy of T lymphocytes homing to the skin. The malignant T cell population in CTCL is characterized by a distinct resistance towards apoptosis that causes high relapse rates and complicates therapy \[[@R1], [@R2]\]. Consequently, no curative treatment has been established for CTCL yet. Thus novel treatment options are needed for patients with relapsing or late-stage disease. In recent years, a wide variety of aberrations on the genetic, molecular and signalling level have been identified that contribute to the pathology of the disease and might represent promising novel therapeutic targets for the development of more efficient CTCL treatment options \[[@R3]--[@R6]\]. We have published a screen based on OncoMap technology and on Illumina PCR sequencing revealing mutations in the RAS pathway of CTCL patients \[[@R7]\]. Here, we found that KRAS and NRAS mutations occurred exclusively in stage IV patients indicating that mutations are associated with late-stage disease \[[@R7]\]. In addition, we revealed an oncogenic NRAS ^Q61K^ mutation in the CTCL cell line Hut78 that results in hyperactivation of the RAS pathway \[[@R7]\]. Somatic mutations in many cancers including colon carcinoma, melanoma, or pancreatic cancer are often found in BRAF, KRAS, or NRAS \[[@R8]--[@R11]\]. Typical mutations keep RAS in an activated form and affect glycine 12 (G12), glycine 13 (G13), or glutamine 61 (Q61) wheras BRAF is activated by valin 600 mutation \[[@R8]--[@R10]\].

The RAS pathway is involved in the regulation of cellular responses to environmental stimuli and plays an important role in cancer \[[@R12], [@R13]\]. In tumor cells oncogenic RAS preferentially promotes survival and proliferation \[[@R12], [@R13]\]. Thus, RAF and MEK are attractive therapeutic targets \[[@R14], [@R15]\]. BRAF mutations have gained increasing importance in recent years as targets for specific kinase inhibitors which are already in successful clinical use in oncologic therapy \[[@R15]--[@R18]\]. In advanced melanoma, for example, phase II and III studies showed that NRAS-mutated tumors respond to MEK inhibitors alone \[[@R7], [@R19]--[@R22]\]. Indeed, we discovered that the NRAS^Q61K^ mutation in Hut78 cells sensitized towards treatment with inhibitors of MEK kinases *in vitro* \[[@R7]\]. For this study we wanted to explore the multikinase inhibitor Sorafenib (Nexavar^®^, BAY 43-9006) which is already approved for clinical treatment of renal and hepatocellular carcinoma (RCC, HCC) as well as for thyroid carcinoma \[[@R23]--[@R26]\]. Sorafenib blocks CRAF and BRAF activity *in vitro* with an IC~50~ of 2 and 25 nM, respectively \[[@R27]\]. In addition, it is known that Sorafenib also targets other kinases including VEGFR-2, Flt-3, c-Kit, and PDGFRb further broadening its inhibitory action on growth of tumor cells \[[@R27], [@R28]\]. Unfortunately, Sorafenib failed to be a specific inhibitor for mutant BRAF melanomas. This was a demotivating result \[[@R29]\], however, Sorafenib shows a certain broad and maybe unspecific effect on blocking the RAS signalling pathway \[[@R27]\]. Interestingly, a recent pilot study found clinical activity of Sorafenib in patients with T cell lymphoma with 44% partial and 11% complete responses. However, these responses were of short duration between 1 and 2.8 months \[[@R30]\]. Thus, we wanted to investigate Sorafenib in CTCL and wondered whether this initial therapeutic effect could be further enhanced by combination therapies. Since Sorafenib and Vorinostat target multiple overlapping pathways implicated in tumor cell survival, it is possible that a combination of both agents might be more effective than either agent alone \[[@R31]--[@R33]\].

Here we show that Sorafenib blocks cell growth in CTCL cell lines but preferentially in Hut78 which harbours an oncogenic NRAS ^Q61K^ mutation. In concurrence with the previous finding Sorafenib induced apoptosis was most prominent in Hut78 cells. A specific inhibitor for mutated BRAF ^V600E^, PLX4720, had no effect on survival of CTCL cell lines. Further, current treatment with Sorafenib and the HDAC inhibitor Vorinostat induces cell death in a synergistic manner in CTCL cell lines and in primary tumor cells from Sézary patients. Sorafenib together with Vorinostat caused a significant downregulation of the anti-apoptotic protein Mcl-1. In accordance, overexpression of Mcl-1 blocked apoptosis induced by Sorafenib and Vorinostat. Thus, Sorafenib in combination with Vorinostat may be used as a drug in non-mutant and CTCL patients displaying a RAS mutation.

RESULTS {#s2}
=======

The RAF kinase inhibitor Sorafenib blocks MEK-ERK signaling after PMA stimulation and inhibits cell growth in CTCL cell lines {#s2_1}
-----------------------------------------------------------------------------------------------------------------------------

RAS mutations occur in about 11% of CTCL patients at advanced disease stage IV \[[@R7]\]. This prompted us to ask whether RAF inhibitors could be of relevance for the treatment of patients bearing a RAS mutation. To evaluate the inhibitory effect of Sorafenib on the RAS-RAF pathway we analyzed phosphorylation levels of the MEK-ERK cascade by Western blot. In phorbol 12-myristate 13-acetate (PMA) stimulated Hut78 and SeAx cells Sorafenib inhibited MEK and ERK phosphorylation at concentrations between 3 μM and 7 μM (Figure [1A, 1B](#F1){ref-type="fig"}). This finding suggests that Sorafenib is able to execute its inhibitory function on RAS-RAF-MEK-ERK signaling. In addition, we checked for the inhibitory effect of Sorafenib on RAS-RAF signaling by comparing differences in cell growth of CTCL cell lines using Cell Titer Glow. We observed that Hut78 which harbours a NRAS mutation has a significantly lower IC~50~ (3.8 μM) compared to SeAx or MyLa cells (11.8 μM and 31.04 μM, respectively). This data shows that RAS mutations sensitize towards treatment with multikinase inhibitor Sorafenbi (Figure [1C](#F1){ref-type="fig"}).

![Sorafenib blocks RAS signaling and inhibits cell growth\
Cells were left untreated, stimulated with PMA, or pre-treated with 3 μM, 5 μM, and 7μ M of Sorafenib for 30 min and then stimulated with PMA. Then, cells were lysed and the phosphorylation level of ERK and MEK was assessed by Western blot with specific anti-phospho-ERK and with specific anti-phospho-MEK antibodies. Equal loading was verified by α-tubulin. (**A**) Representative Western blot of SeAx cells. (**B**) Representative Western blot of Hut78 cells. (**C**) CTCL cell lines were incubated with indicated concentrations of the pan-RAF inhibitor Sorafenib for 72 hours. Cell growth was measured by Cell Titer Glo according to manufactor´s instructions. The IC~50~ value represents the Sorafenib concentration that inhibits 50% cell growth compared to DMSO treated control cells. The IC~50~ was calculated by GraphPad Prism software (San Diego, CA).](oncotarget-08-45687-g001){#F1}

Oncogenic NRAS^Q61K^ is critical for survival of Hut78 cells {#s2_2}
------------------------------------------------------------

In order to evaluate different types of inhibitors of the RAS pathway on CTCL cells, we checked the effect of Sorafenib, PLX4720 and U0126 on basal ERK and MEK phosphorylation in SeAx and Hut78 cells. SeAx cells showed lower basal activation of the MEK/ERK pathway compared to Hut78 cells harbouring the RAS mutation \[[@R7]\]. However, Sorafenib blocked MEK and ERK phosphorylation in both cell lines, Hut78 and SeAx cells, respectively (Figure [2A, 2B](#F2){ref-type="fig"}). As reported, the specific BRAF^V600E^ inhibitor PLX4720 increased both, MEK and ERK phosphorylation in SeAx and Hut78 cells since both cell lines express wild type BRAF \[[@R34], [@R35]\]. The MEK inhibitor U0126 showed the strongest inhibitory effect for both cell lines (Figure [2A, 2B](#F2){ref-type="fig"}). In order to investigate whether NRAS^Q61K^ also sensitizes towards RAF inhibition in CTCL, we treated all four cell lines with Sorafenib and measured cell death after 48 hours. Sorafenib induced apoptosis in all four CTLC cell lines (up to 60% in Hut78 and up to 30% in SeAx, HH, and Myla; Figure [2C](#F2){ref-type="fig"}). In addition, Sorafenib also induced apoptosis of lower concentrations in primary T cells from Sézary patients (treatment with 3--7 μM Sorafenib induced up to 40% cell death) compared to healthy controls (3--7 μM induced less than 20% apoptosis; [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). This indicates that besides its effect in mutant tumor cells Sorafenib also causes cell death in non-mutant tumor cells. However, as expected, the most prominent induction of apoptosis was observed in the RAS mutant cell line Hut78 (up to 60%) (Figure [2C](#F2){ref-type="fig"}). Of note, apoptosis induction occurred at low molecular concentrations in the range of 1 μM to 3 μM which have been shown to be clinically relevant in plasma. Here, specific apoptosis of about 30% in hepato cellular carcinoma (HCC) cell lines was reached at concentrations of 10 μM Sorafenib at 48 hours \[[@R36]\]. We observed apoptosis already at lower Sorafenib concentrations indicating that a clinically relevant effect in treating CTCL can be expected. Recent studies revealed that BRAF inhibitors exclusively block tumor growth in tumors harbouring BRAF^V600E^ mutations since CRAF can over-compensate for BRAF inhibition \[[@R34], [@R35]\]. We could confirm this data by using the specific BRAF inhibitor PLX4720. PLX4720 rather induced than blocked ERK phosphorylation (Figure [2A, 2B](#F2){ref-type="fig"}). Consequently, PLX4720 treatment led to minor induction of apoptosis (not more than 20% cell death after 48 hours treatment for all four CTCL cell lines; Figure [2D](#F2){ref-type="fig"}). Interestingly, we observed that the MEK inhibitor U0126 caused a strong inhibition of basal ERK phosphorylation (Figure [2A, 2B](#F2){ref-type="fig"}) and induced apoptosis specifically in Hut78 cells (more than 50% upon 48 hours of treatment) whereas the other cell lines were not/less effected (Figure [2E](#F2){ref-type="fig"}). The clinical approved Mek inhibitor Trametinib basically displayed the same result (more than 60% cell death in Hut78 cells and only minor effects in non-mutaned cell lines; Figure [2F](#F2){ref-type="fig"}). Taken together, these results show that NRAS mutations confer sensitivity towards inhibitors of the RAS-RAF-MEK-ERK pathway.

![NRAS^Q61K^ sensitizes towards treatment with Sorafenib\
Cells were left untreated or treated with 10 μM of Sorafenib, 3 μM of PLX4720, or 1μM of U0126 for 4 hours. Then, cells were lysed and the basal phosphorylation level of ERK and MEK was assessed by Western blot with specific anti-phospho-ERK and with specific anti-phospho-MEK antibodies. Equal loading was verified by α-tubulin, total ERK and total Mek. (**A**) Representative Western blot of SeAx cells. (**B**) Representative Western blot of Hut78 cells. (**C**--**F**) All four CTCL cell lines were incubated with indicated concentrations of the used inhibitors for 48 hours. Then, apoptosis was determined and specific apoptosis was calculated according to the description in materials and methods. Data shown is representative for at least three independent experiments. (C) Cells were treated with the pan-RAF inhibitor Sorafenib. (D) Cells were incubated with indicated concentrations of the BRAF specific inhibitor PLX4720. (E, F) Similar to (C), however, all four CTCL cell lines were incubated with indicated concentrations of the MEK inhibitor U0126 (E) or Trametinib (F) for 48 h hours. Data shown is representative for two independent experiments.](oncotarget-08-45687-g002){#F2}

Sorafenib and Vorinostat synergistically induce apoptosis in CTCL cell lines {#s2_3}
----------------------------------------------------------------------------

Vorinostat (Zolinza^®^), a histone deacetylase inhibitor, was approved for the treatment of CTCL after a phase IIb clinical trial showing clinical safety and efficiency \[[@R37]\]. Vorinostat is described to induce histone acetylation, cell cycle arrest, and apoptosis in CTCL cell lines \[[@R38]\]. However, the overall response rate (ORR) of CTCL patients towards monotherapy with Vorinostat (30%) remains poor \[[@R37]\]. In addition, Sorafenib shows early promising activity as monotherapy \[[@R30]\]. Interestingly, several studies proposed a synergistic action of Vorinostat and Sorafenib to induce apoptosis in tumor cells of different malignancies \[[@R31], [@R32], [@R39]\]. To investigate a putative synergistic effect of Vorinostat and Sorafenib, non-mutant and mutant CTCL cell lines were incubated with different combinations of both drugs. Interestingly, concurrent treatment of Sorafenib and Vorinostat synergistically induced apoptosis in the non-mutant cell line SeAx that previously showed only modest sensitivity to Sorafenib treatment alone (Figure [3A](#F3){ref-type="fig"}). Synergism was calculated according to the test of Jonkheere \[[@R40], [@R41]\]. However, synergistic apoptosis levels after 24 and 48 hours of treatment were lower in the non-mutant SeAx cell line compared to the mutant Hut78 cell line (Figure [3A, 3B](#F3){ref-type="fig"}). Concurrent treatment with low concentrations of both inhibitors, further enhanced Sorafenib-induced apoptosis in the mutant cell line Hut78 (Figure [3B](#F3){ref-type="fig"}). Again this was a synergistic effect as calculated with the Jonkheere method. To assess whether synergistic action can be observed in primary cells, we isolated Sézary cells and cotreated them with both inhibitors. Sorafenib and Vorinostat induced apoptosis in a synergistic manner in Sézary cells from two different patients (Figure [3C, 3D](#F3){ref-type="fig"}). Both patients showed wild-type status for NRAS, KRAS, HRAS, or BRAF. Co-incubation of T cells from healthy donors with Sorafenib and Vorinostat showed no cooperative effect of both drugs. To the contrary, not even an additive effect could be observed indicating that these drugs need malignant cell transformation for demonstrating synergism even in absence of RAS mutations ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). In conclusion, Sorafenib increases the toxic activity of Vorinostat in both, non-mutant and mutant tumor cells.

![Concurrent treatment with Sorafenib and Vorinostat synergistically induce apoptosis in non-mutant and in mutant cells\
Cells were left untreated, treated with either Vorinostat or Sorafenib alone, or treated with different combinations of Vorinostat and Sorafenib for 24 and 48 hours. Then, apoptosis was determined and specific apoptosis was calculated according to the description in materials and methods. (**A**) SeAx were used. (**B**) Hut78 cells were used. (**C**, **D**) Same as (A, B), but CD4^+^ T cells isolated from two different patients were used.](oncotarget-08-45687-g003){#F3}

Sorafenib and Vorinostat synergistically downregulate the anti-apoptotic protein Mcl-1 {#s2_4}
--------------------------------------------------------------------------------------

Various mechanisms were suggested to explain the synergistic action of Sorafenib and Vorinostat. Among them, CD95 upregulation, c-FLIP suppression, or alteration in Mcl-1 expression were discussed \[[@R31], [@R32]\]. We did not observe any involvement of the CD95/CD95L system in CD95L blocking experiments using a neutralizing anti-CD95L antibody (NOKI); TNF signaling was ruled out by inhibition using Etanercept (Enbrel^®^) (TNF-R-Fc); and a major contribution by reactive oxygen species (ROS) was excluded by experiments using antioxidants such as N-acetyl-cysteine (NAC), glutathione monoethyl ester (GSH), or the iron chelator desferrioxamine (DFO) (Figure [4A](#F4){ref-type="fig"}). However, we found that apoptosis induced by Sorafenib and Vorinostat is dependent on caspases as verified by the pan-caspase inhibitor zVAD (Figure [4A](#F4){ref-type="fig"}). To further investigate the mode of action of concurrent Sorafenib and Vorinostat treatment, we studies expression levels of Bcl-2 family members. Here, we found that both drugs together result in significant downregulation of Mcl-1 but not of other members of the Bcl-2 family or c-FLIP (Figure [4B](#F4){ref-type="fig"}). In addition, we overexpressed Mcl-1 using a retroviral overexpression vector pMX and incubated either SeAx cells displaying wilde-type RAS expression or Hut78 cells with different combinations of Sorafenib and Vorinostat. Overexpression of Mcl-1 blocked apoptosis up to 50% in both cell lines demonstrating an important role of Mcl-1 as a RAS/RAF target gene in mediating survival and apoptosis resistance in mutant and non-mutant CTCL cells (Figure [4C, 4D](#F4){ref-type="fig"}).

![Sorafenib and Vorinostat induce apoptosis synergistically *via* down-regulation of Mcl-1\
(**A**) Hut78 or SeAx cells treated with either 0.5 μM Vorinostat and 5 μM Sorafenib alone, or co-treated with 1% DMSO, 1% NOK 1, 25 μM Enbrel^®^, 20 μM zVAD, 50 μM zFA, 20 mM N-acetyl-cysteine (NAC), 0.5 mM glutathione monoethyl ester (GSH), or 20 μM desferrioxamine (DFO) for 24 and 48 hours. Then, apoptosis was determined by flow cytometry and specific apoptosis was calculated according to the description in materials and methods. (**B**) SeAx cells were left untreated, treated with either Vorinostat or Sorafenib alone, or treated with different combinations of Vorinostat and Sorafenib for 6 and 9 hours. Then, cells were lysed and lysates subjected to Western blot. Expression of Bcl-2 family members was assessed by specific antibodies for Mcl-1, Bcl-2, and Bcl-xL, or anti-apoptotic protein c-FLIPs. Equal loading was verified by anti-tubulin antibodies. (**C**) SeAx cells were transfected with empty retroviral vector pMX or pMX encoding for Mcl-1. Cells were sorted for GFP co-expression. Then, cells were stimulated with different combinations of Vorinostat and Sorafenib for 48 hours. Next, apoptosis was determined and specific apoptosis was calculated according to the description in materials and methods. Inserts show overexpression of Mcl-1 in pMX-Mcl-1 vector transfected cell compared to pMX control transfected cells. (**D**) Same as in (D), but Hut78 cells were used.](oncotarget-08-45687-g004){#F4}

DISCUSSION {#s3}
==========

We found that activating NRAS mutations in CTCL cell lines and patient cells sensitize towards treatment with the multikinase inhibitor Sorafenib. This confirms previous data showing that NRAS^Q61R^ mutations sensitize different benign and malignant cell types towards MEK inhibition or that NRAS^G13A^ mutations confer resistance towards apoptosis \[[@R7], [@R42]--[@R45]\]. Previous data shows that aberrant activation of the MAPK pathway including NRAS not only derives from NRAS mutations. This pathway interacts with other signaling pathways that have been shown to be altered in CTCL cells including NFκB, TCR and PLCγ1 signaling, respectively \[[@R6]\]. Thus, these pathways can induce MAPK activation even in non-mutant cells. In addition, it has been shown that deregulated or deleted transcription factors like E2A can lead to an indirect activation of the RAS pathway *via* downregulation of inhibitory factors like RasSF4 \[[@R46]\]. These findings on aberrant MAPK activation in CTCL cells suggest Sorafenib as a promising treatment option for late-stage CTCL patients with RAS mutations. Of note, apoptosis induction by Sorafenib occurred at low molecular concentrations in the range of 1 μM to 3 μM which has been shown to be clinically relevant in plasma. Specific apoptosis of about 30% in HCC cell lines was reached at concentrations of 10 μM Sorafenib after 48 hours of treatment \[[@R36]\]. We observed apoptosis already at lower concentrations of Sorafenib. Since Sorafenib does not exclusively inhibit BRAF and CRAF but also blocks several other pathways these could be involved in effectiveness against CTCL cells. Still, inhibition of MEK -- the main RAS/RAF target - by a specific inhibitor also induced cell death preferentially in Hut78 cells (Figure [2](#F2){ref-type="fig"}). Yet, the MEK inhibitor caused a stronger downregulation of basal ERK signaling than Sorafenib (Figure [2](#F2){ref-type="fig"}) suggesting that Sorafenib works also *via* different pathways and that Sorafenib is not as efficient in blocking ERK signaling as MEK inhibitors. This pathway may include the known target genes EGFR, PDGFR, c-Kit and Flt-3. In addition, Sorafenib inhibits the RAS pathway and, thus, sensitizes Hut78 cells. It was reported that Sorafenib is not a specific BRAF^V600E^ inhibitor (14). The specific BRAF^V600E^ mutation is important for putative treatment of late-stage CTCL patients with confirmed NRAS or KRAS mutations. The effect of Sorafenib or of MEK inhibitors such as AZD6244 or PD0325901 have to be evaluated on primary patient cells to choose optimal treatment conditions. We found that four out of 90 patients harboured mutations for NRAS and KRAS \[[@R7]\]. Unfortunately, three of these four patients died due to progression of the disease, whereas one patient dropped out during follow-up preventing further investigations of primary CTCL cells in our study.

Previously, we have observed that knock-down of NRAS by siRNA induces apoptosis in Hut78 cells only but not in non-mutated RAS cell lines showing that Hut78 depends on hyperactive RAS-RAF signaling \[[@R7]\]. This specific dependence of RAS-RAF-MEK-ERK signaling was further corroborated by the results obtained by using the MEK inhibitor U0126 which caused apoptosis in Hut78 cells only. Two publications suggest that a hyperactivated RAS pathway results in downregulation of the anti-apoptotic Bcl-2 family member Bim, thereby preventing apoptosis \[[@R44], [@R47]\]. However, we could not observe an effect on Bim induced by inhibitor treatment suggesting that BIM is not involved in this process (data not shown). In addition, inhibition of the RAF-RAS pathway by Sorafenib was shown to cause downregulation of the anti-apoptotic protein Mcl-1 in hepatocytes \[[@R27], [@R36]\]. This was now confirmed for the CTCL cell line Hut78 where Sorafenib alone led to diminished expression of Mcl-1 (Figure [4](#F4){ref-type="fig"}). Vorinostat is approved for the treatment of CTCL in several countries, although it has limited therapeutic success as a monotherapy \[[@R37], [@R48]\]. Nevertheless, it was shown in pre-clinical studies that Vorinostat together with Sorafenib can act synergistically in other tumor entities \[[@R31]--[@R33]\]. Although the mechanism for this pharmacologic synergism is not completely elucidated yet, there are several findings that contribute to its explanation. It has been found recently, that RAS mutations can upregulate HDACs and, thus, cause resistance towards Vorinostat treatment \[[@R39]\]. In contrast, Sorafenib has been shown to induce a downregulation of HDACs and, thus, to potentiate histone acetylation, so that it thereby also potentiates the epigenetic effect of Vorinostat further suggesting the use of the combination of Sorafenib and Vorinostat \[[@R49]\]. Indeed, concurrent treatment with Sorafenib and Vorinostat induced apoptosis in a synergistic manner in the mutant CTCL cell line Hut78 (Figure [3](#F3){ref-type="fig"}). The synergistic action was also observed for T cells of CTCL patients not bearing a RAS mutation indicating that the effect of Sorafenib can be enhanced in non-mutant tumor cells as well (Figure [3](#F3){ref-type="fig"}). Interestingly, T cells of healthy donors showed no synergistic cell death induction upon Sorafenib and Vorinostat cotreatment suggesting that malignant transformation and apoptosis resistance of T cells is necessary for the synergistic therapeutic effect of both drugs. With respect to the underlying mechanism of this synergistic effect, we detected that Sorafenib and Vorinostat synergize in downregulation of the anti-apoptotic Bcl-2 family member Mcl-1 (Figure [4](#F4){ref-type="fig"}). Mcl-1 downregulation was identified as a major part of the synergistic mechanism. Nevertheless, the histone acetylation-promoting effect of Sorafenib is likely to contribute to the synergistic effect and can, therefore, explain the restriction of the synergism to malignant T cells. Thus, Sorafenib in combination with Vorinostat may serve as a new treatment strategy for RAS mutant or RAS non-mutant CTCL patients. This is of particular interest, as first clinical data of a phase 1 pilot study showed encouraging results of Sorafenib treatment in CTCL patients with a complete remission in 11% of patients \[[@R30]\]. Although the results of this study are limited by the small number of patients it confirms our findings and further promotes Sorafenib as a possible future CTCL treatment option, especially in combination with other CTCL medication that targets different pathways, especially HDAC inhibitors like Vorinostat.

MATERIALS AND METHODS {#s4}
=====================

Chemicals {#s4_1}
---------

Sorafenib was provided by Bayer Schering Pharma (Bayer Vital GmbH). PLX4720 was purchased by Symansis, U0126 was purchased from Sigma-Aldrich, Trametinib was obtained from Target molecule Corp, and Vorinostat (SAHA) was purchased from Selleck. Deferrioxamine Mesylate (DFO) and Glutathione-monoethyl-ester (GSH) were obtained from Merck., N-Acetyl-L-cysteine (NAC) was purchased from Sigma-Aldrich. Pancaspase inhibitor zVAD and cathepsin inhibitor Z-FA-fmk were purchased from R&D Systems. Etanercept (Enbrel^®^) was kindly provided by Dr. Walczak, Imperial College London.

Cell culture {#s4_2}
------------

The CTCL cell lines SeAx \[[@R50]\], Hut78 \[[@R51]\], MyLa \[[@R52]\], and HH \[[@R53]\] were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% FCS and 1 mM L-Glutamine. SeAx, MyLa, and HH cells were obtained from Stefan Eichmüller, German Cancer Research Center, Heidelberg, Germany. Hut78 cells were purchased from ATCC. SeAx, Hut78, MyLa, and HH cells were tested by the cell contamination control of German Cancer Research Center, Heidelberg, Germany using a multiplex cell contamination test \[[@R54]\].

Patients {#s4_3}
--------

Four patients with Sézary syndrome (CTCL stage IV) diagnosed according to World Health Organization-European Organization of Research and Treatment of Cancer classification of CTCL and criteria of the international society of cutaneous lymphomas were included in the study (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Informed consent was obtained from all subjects before inclusion. The study was conducted according to ethical guidelines at our institution and the Helsinki Declaration and was approved by the ethics committee II of the University of Heidelberg.

Western blot analysis {#s4_4}
---------------------

1 × 10^6^ CTCL cells were lysed for 10 min in ice-cold RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 120 mM NaCl, 1% NP-40, 0.5% Na-Desoxycholat, 0.1% SDS, 2 mM EDTA, 25 mM NaF, 0.2 mM NaVO~4~, 1 mM DTT, and complete protease inhibitor cocktail from Roche). Lysates were separated by SDS-PAGE and proteins were blotted onto a nitrocellulose membrane (Amersham Biosciences) followed by blocking with 5% BSA in PBS/Tween (0.05% Tween-20 in PBS). The following antibodies were used: anti-phospho-ERK (P-p44/p42 (Tyr202/204); Cell Signalling), anti-ERK2 (C-14; Santa Cruz), anti-phospho-MEK1/2 ((Ser217/212); Cell Signalling), anti-MEK1/2 (Cell Signalling), anti-Mcl-1 (S-19; Santa Cruz), anti-tubulin (Sigma-Aldrich).

Lymphocyte separation {#s4_5}
---------------------

Human peripheral blood leukocytes were purified as described previously \[[@R55]\]. Then, T cells were sorted by CD4^+^ surface staining with the CD4^+^ T Cell Isolation Kit II according to the manufacture\'s instruction (Miltenyi Biotec). The study was conducted according to the ethical guidelines of the German Cancer Research Center and the Helsinki Declaration, and it was approved by the ethics committee II of the Ruprecht-Karls-University of Heidelberg, Germany. Primary T cells were cultured in RPMI 1640 supplemented with 10% FCS.

Cell death assays {#s4_6}
-----------------

For cell death induction, CTCL cells were stimulated with the indicated concentrations of inhibitors. Cell death was assessed by forward-to-side-scatter (FSC/SSC) profile \[[@R56]\]. Specific cell death was calculated using the following equation: specific cell death % = (% experimental cell death - % spontaneous cell death) / (100%--% spontaneous cell death) × 100 \[[@R55]\].
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